Background. Fluorescence imaging hardware (SPY) has recently been developed for intraoperative assessment of blood flow via detection of probes emitting in the nearinfrared (NIR) spectrum. This study sought to determine if this imaging system was capable of detecting micrometastatic head and neck squamous cell carcinoma (HNSCC) in preclinical models. Methods. A NIR fluorescent probe (IRDye800CW) was covalently linked to a monoclonal antibody targeting epidermal growth factor receptor (EGFR; panitumumab) or nonspecific IgG. HNSCC flank (SCC-1) and orthotopic (FADU and OSC19) xenografts were imaged 48-96 h after systemic injection of labeled panitumumab or IgG. The primary tumor and regional lymph nodes were dissected using fluorescence guidance with the SPY system and grossly assessed with a charge-coupled NIR system (Pearl). Histologic slides were also imaged with a NIR chargedcoupled device (Odyssey) and fluorescence intensity was correlated with pathologic confirmation of disease. Results. Orthotopic tongue tumors were clearly delineated from normal tissue with tumor-to-background ratios of 2.9 (Pearl) and 2.3 (SPY). Disease detection was significantly improved with panitumumab-IRDye compared to IgG-IRDye800 (P \ 0.05). Tissue biopsy samples (average size 3.7 mm) positive for fluorescence were confirmed for pathologic disease by histology and immunohistochemistry (n = 25 of 25). Biopsy samples of nonfluorescent tissue were proven to be negative for malignancy (n = 28 of 28). The SPY was able to detect regional lymph node metastasis (\1.0 mm) and microscopic areas of disease. Standard histological assessment in both frozen and paraffinembedded histologic specimens was augmented using the Odyssey.
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Conclusions. Panitumumab-IRDye800 may have clinical utility in detection and removal of microscopic HNSCC using existing intraoperative optical imaging hardware and may augment analysis of frozen and permanent pathology.
As a result of the infiltrative nature of head and neck cancer, positive margins occur in 40-50 % of cases after resection. This is likely attributed to the crude measures of tumor margin identification including gross palpation and visual inspection. 1 Although there are a plethora of methods to image cancer preoperatively, including CT and PET-CT, there is currently no approved real-time method available to image tumors intraoperatively. A real-time imaging modality has the potential to decrease the rate of positive margins and spare uninvolved tissue by guiding surgical resection. To meet this need, there have been significant efforts in identifying the proper optical imaging agents and hardware for real-time intraoperative tumor detection. Clinical trials are underway in Europe evaluating the potential of targeting monoclonal antibodies labeled with fluorescent probes in oncological surgery. These trials are testing the ability of labeled antibodies to delineate tumor margins in the operating room, to detect residual microscopic disease during resection, and to identify lymph node metastases.
purpose. Developing novel camera systems to detect IRDye800 fluorescence in real-time has been done by a few groups but their application to humans is complicated by development costs, overlapping intellectual property rights, large scale manufacturing, and U.S. Food and Drug Association (FDA) approval. 3, 4 Intraoperative fluorescence imaging systems have been developed for detecting blood flow with indocyanine green, and are currently used for plastic surgery procedures (SPY System, Novadaq, Toronto, Canada) and for next-generation robotic consoles (Firefly, Intuitive Surgical, da Vinci). Because of their overlapping emission and absorption spectra, we undertook the current study to determine if operative imaging systems designed for indocyanine green can be used for IRDye800 imaging.
Selective delivery of pantitumumab-IRDye800 to the tumor has the additional benefit of improving postresection assessment. Once removed, the tumor can be assessed on the back table with the SPY system or the histological frozen sections can be imaged to improve the ability to identify small islands of disease. Preclinical models using fluorescence imaging of histological sections using an optical scanner (e.g., Odyssey, manufactured by Li-Cor Biosciences, Lincoln, NE) have been promising. 5 Such imaging could be used by pathologists to augment intraoperative margin evaluation and to improve sensitivity and specificity.
We hypothesize that both macroscopic and microscopic optical imaging modalities can be employed to detect microscopic disease when using antibody targeted fluorescence. This is the first study to investigate if current FDA-approved intraoperative imaging hardware (SPY) can detect microscopic disease and micrometastases from head and neck squamous cell carcinoma using bioconjugated panitumumab-IRDye800 in a preclinical murine model. Additionally, we investigated the use of fluorescence imaging (Odyssey) for detecting disease on frozen histological sections. This technology would provide a more efficient and accurate modality for intraoperative and histological detection of cancer.
MATERIALS AND METHODS

Cell Lines and Tissue Culture
Multiple head and neck squamous cell carcinoma cell lines were used: SCC-1 (Thomas Carey, University of Michigan, Ann Arbor, MI), OSC-19 (Jeffrey Myers, University of Texas M.D. Anderson Cancer Center, Houston, TX), and FADU (ATCC, Manassas, VA). These cell lines were grown and maintained in Dulbecco modified Eagle medium containing 10 % fetal bovine serum and supplemented with 1 % penicillin, streptomycin, and amphotericin B. They were incubated at 37°C in 5 % CO 2 .
Reagents
Panitumumab (Vectibix; Amgen, Thousand Oaks, CA; 147 kDa), a recombinant and fully humanized monoclonal antibody that binds to the extracellular domain of human epidermal growth factor receptor (EGFR), was the antibody used. Protein A-purified IgG antibody (Innovative. Ir-Hu-Gf, 30010BM) (146 kDa) was used as a control antibody.
Near-infrared Fluorescence Agents
IRDye800CW (IRDye800CW-N-hydroxysuccinimide ester; Li-Cor Biosciences) was the fluorescent probe. It has a near-infrared (NIR) absorption and emission peak of 778 nm/794 nm. When conjugated to either panitumumab or IgG, the absorbance and emission maximums decrease slightly (774 nm/789 nm). 6 Panitumumab and IgG were labeled according to the manufacturer's protocol. Briefly, both antibodies were incubated with the IRDye800CW for 2 h and the unconjugated dye was removed by desalting columns (Pierce, Zeba, 89891).
Antigen Detection Assay
A 96-well black plate was coated with recombinant EGFR (rEGFR; 50 ng/well/100 lL; Fc chimera, CF, 344-ER-050) overnight at 4°C. The wells were blocked for 1 h at room temperature with 1 % bovine serum albumin (BSA). Wells were then washed with phosphate-buffered saline (PBS) 3 times and incubated for 1 h with varying concentrations (0.5-64 nM) of labeled or unlabeled panitumumab. As a control, uncoated plates were incubated with same concentrations of labeled panitumumab. After incubation, the wells were washed with PBS and imaged using the Pearl (Li-Cor Biosciences). Well intensities were quantified using the Pearl Impulse software, version 2.0.
Animal Models
Nude (nu/nu) and severe combined immunodeficient (SCID) female mice (Charles River Laboratories, Hartford, CT), aged 4-6 weeks, were obtained and housed in accordance with the Institutional Animal Care and Use Committee (IACUC) guidelines. All experiments were conducted and the mice euthanized according to IACUC guidelines.
For the flank model, nude mice (n = 2) received subcutaneous injections of SCC1 cells (2 9 10 6 ) suspended in media (200 lL). Tumor size was monitored weekly until they reached 25 mm 2 . The mice were then systemically injected with fluorescently labeled panitumumab or IgG (50-100 lg). For the human split-thickness skin graft (STSG) model, the skin from the back of SCID mice was excised and the STSG sutured in place.
For the orthotopic tumor model, nude mice (n = 3) were injected with OSC19 or FADU (2.5 9 10 5 ) cells suspended in media (25 lL) in the anterior portion of their tongues. Tumor growth was followed for 2 weeks, after which time the mice received systemic administration of panitumumab-IRDye800.
For the human tumor model, SCID mice (n = 3) were implanted on each flank with human tumor samples after we received approval from the institutional review board. Tumor growth was followed for 6 weeks, after which the mice received systemic administration of panitumumabIRDye800. Table 1 summarizes the imaging modalities used. Figure 1 illustrates the sequence of real-time fluorescentguided resection and fluorescent-guided histological processing. The SPY imaging system captures fluorescent light using a charged couple device video camera at 30 frames per second and displays it on a computer monitor. 7 The SPY system was used to guide tumor and lymph node resections by real-time fluorescence guidance 48-96 h after injection of the panitumumab-IRDye800. After resections, the excised tissues were placed in tissue cassettes and imaged with both the Pearl and SPY.
Fluorescence Imaging and Measurement
In vivo fluorescence detected with the SPY machine was quantified by ImageJ software (http://rsb.info.nih.gov/ij/). Fluorescence intensity was measured by selecting several regions of interest within the tumor and calculating the mean value. Subsequently, a tumor-to-background ratio (TBR) was calculated on the basis of the fluorescence intensity from a sample of normal tissue adjacent to the tumor border. The Pearl Impulse small animal imager was used to verify the TBR measured by the SPY. Fluorescent microscopy of histologic sections was performed using the Odyssey scanner (Li-Cor Biosciences). Colocalization of the fluorescent signal with tumor was performed by overlaying the Odyssey-acquired fluorescent image with the microscopic hematoxylin and eosin (H&E)-stained image.
Immunohistochemistry
Immunohistochemical analysis with CD147 (Millipore, clone 1S9-2A, mouse monoclonal IgG2ak) and cytokeratin (clone AE1 ? AE3; Ventana, Tuscan, AZ) was performed to confirm tumor cells. Five-micron sections were cut from the paraffin blocks, and antigen retrieval was accomplished by heating in 1 mM EDTA, pH 9.0, for 10 min at 90°C. Samples were cooled to room temperature and blocked with 5 % BSA in Tris-buffered saline and Tween 20 for 5 min at room temperature. The primary antibodies (CD147 or cytokeratin) were applied at the recommended concentrations and incubated overnight at 4°C. The secondary antibody (Pierce, goat anti-mouse, horseradish peroxidase) was applied for 1 h in a humidified chamber at room temperature. Slides were then treated with the DAB (3,3 0 -diaminobenzidine tetrahydrochloride) substrate until the color developed.
Statistical Analysis
For each model (flank, orthotopic, and human tumor), the average fluorescence of the tumor was compared to the average fluorescence of the surrounding tissue by a paired Student's t test. Error bars represent the standard deviation. Statistical significance was considered to be P \ 0.05.
RESULTS
Detection of Panitumumab-IRDye800
The panitumumab-IRDye bioconjugate maintained antigen specificity to EGFR in conventional antigen detection assays (data not shown). The specificity of in vivo tumor targeting of panitumumab-IRDye800 was assessed by comparison to a fluorescently labeled nonspecific antibody (IgG-IRDye800) in SCC-1 flank xenografts. Tumor fluorescence was evaluated using the SPY intraoperative imaging system (Fig. 2a ) designed for indocyanine green imaging and compared to the gold standard for IRDye800 imaging, a small animal optical imaging system (Pearl; Table 1 ).
Regardless of the imaging modality used, the mouse injected with panitumumab-IRDye800 had significantly greater fluorescence intensity compared to the control IgGIRDye800 (Fig. 2b) . The tumor fluorescence after systemic injection with IgG-IRDye800 had a TBR of 1.1 (Pearl) and 1. panitumumab-IRDye800 resulted in a tumor-to-background ratio TBR of 2.9 (Pearl) and 2.3 (SPY), with the tumor demonstrating a statistically significant increase in fluorescence intensity versus the background (P \ 0.05). Because rodent EGFR differs from human EGFR, we evaluated the uptake of panitumumab-IRDye800 in a tumor versus a human STSG to determine the expected background fluorescence in humans. Both the SPY and the Pearl detected significantly greater fluorescence in the tumor versus the STSG (Fig. 2c) indicating that if used in humans, the panitumumab-IRDye800 is expected achieve a sufficient TBR to guide surgical resection.
Resection under NIR Fluorescence-guided Imaging
After systemic administration of panitumumab-IRDye800, orthotopic cell line xenografts or flank human tumor implants were resected by real-time guidance with the SPY System. Subclinical residual disease and lymph node metastases were also detected with the SPY. Residual areas of positive and negative fluorescence and lymph nodes were evaluated with conventional H&E histology and immunohistochemistry to identify the presence of tumor cells.
Orthotopic xenografts were imaged 48-96 h after systemic panitumumab-IRDye800 administration with both the Pearl and SPY systems (Fig. 3a) . Supplemental Video 1 demonstrates in real-time how the fluorescent signal guides resection intraoperatively. The tumor-to-background ratio was 4.2 (Pearl) and 2.3 (SPY). Both systems demonstrated a significant difference between the tumor and background fluorescence intensities (P \ 0.01). Tongue tumors (n = 3, average diameter 4.25 mm, range 3.5-5 mm) were resected under SPY guidance until no tumor was grossly visible and no fluorescence was detected. To verify this, several biopsies of random sites of the nonfluorescent wound bed, which was presumed to be negative for cancer, were performed and sampled tissue sent to histology.
After resection, fluorescently positive and negative margins were placed in cassettes (mimicking tissue on the back table in the operating room), measured, and assessed for fluorescence before histological sectioning (Fig. 3b) . Tumor fragments as small as 1 mm were consistently detected by both imaging modalities. positive for fluorescence were found to correlate with pathologic disease on histologic analysis (H&E and immunohistochemistry) in 11 of 11 samples. Tissue margins absent for fluorescence were confirmed negative by histological analysis in 6 of 6 samples (histological representation not shown).
In some instances, after resection of the gross tumor, the SPY system detected fluorescence in tissue that did not appear to be cancerous on visual inspection or palpation. Histological analysis of these microscopic residual fragments demonstrated the presence of tumor cells (n = 7 of 7). The smallest area of positive fluorescence that was detected with the SPY system was found to measure *200 lm in diameter.
Lymph nodes from the orthotopic model were also assessed using this technique as we have previously described. 8 Cervical lymph node metastases were not visualized grossly; however, using the SPY and Pearl, a strong fluorescence signal could be detected (Fig. 3c) . The lymph nodes (n = 6; average diameter 1.9 mm, range 1-3 mm) had a mean tumor-to-background ratio of 1.8 (Pearl) and 1.5 (SPY). In both modalities, the metastases had statistically significant higher fluorescence than the background (P \ 0.05). The lymph nodes were then placed in tissue cassettes for ex vivo fluorescence and histological processing (Fig. 3d) . Because small nests of tumor cells could not be consistently confirmed by H&E alone, malignancy was confirmed immunohistochemical analysis using CD147 and cytokeratin.
As a control, a nonfluorescent submandibular salivary gland was excised to confirm that areas with absent fluorescent imaging had no tumor (Fig. 3d) . As expected, histological analysis of the nonfluorescent tissue was negative for tumor.
Optical Imaging to Augment Histologic Analysis
To determine if panitumumab-IRDye800 could be used for imaging of histological sections after embedding in optimal cutting temperature (OCT) medium or paraffin, cut sections (H&E and unstained) from the tongue tumor were imaged for fluorescence using the Odyssey scanner. Optical scanning revealed that areas of fluorescence corresponded to areas of tumor infiltration in tissue (Fig. 4a, b) . Fluorescent microscopy of the negative margins confirmed the absence of tumor cells (data not shown).
This technique also successfully detected microscopic disease in tissues with grossly unidentifiable residual disease. Tumor fragments measuring between 200 lm to several millimeters were identified within the tongue, adherent to the mandible, or within the lymph nodes and confirmed by immunohistochemical analysis using CD147 and cytokeratin.
Similarly, the Odyssey detected a fluorescence signal within metastatic lymph nodes that colocalized with areas of tumor infiltration (Fig. 4c) . The nonfluorescent submandibular salivary gland lacked a fluorescence signal, consistent with the histology and immunohistochemical analysis (Fig. 4d) .
Human Tumor Model
In the human tumor implant model, we evaluated the efficacy of a fluorescence detection system in a heterogeneous cell population with mosaic patterns of EGFR expression and variations in cell types. The human tumor implants (n = 6) had a mean TBR of 4.0 (Pearl) and 3.0 (SPY) (P \ 0.0001). As described above, the SPY was used to guide surgical resection and tumor pathology was confirmed by histology (Fig. 5a ). Fluorescence imaging of the tissue sections using the Odyssey scanner correlated with histological evidence of tumor (Fig. 5b) .
DISCUSSION
Current methods for intraoperative assessment of primary tumor margins remain dependent on subjective assessment by the surgeon of subtle tissue changes and a final pathological confirmation several days later. Systemic administration of fluorescently labeled targeting molecules may permit real-time, cancer-specific imaging within the clinic and operating room. In fact, clinical trials using fluorescently labeled antibodies are underway in Europe in multiple cancer types. 9, 10 In our previous studies, we used the fluorophore Cy 5.5 (excitation, 678 nm; emission, 703 nm) conjugated to cetuximab, a therapeutic chimeric antibody directed against EGFR. Cetuximab-Cy 5.5 was used in vivo to detect primary tumors, residual disease, regional and distant metastasis, and to evaluate chemoradiotherapeutic treatment.
8,11-13 Although we have assessed both cetuximab and panitumumab, we have compared the two in several in vitro and in vivo studies and have found that they exhibit similar imaging properties (unpublished data). Because panitumumab is fully humanized and has demonstrated an improved infusion reaction profile and a longer half-life, we have selected this FDA approved antibody for additional imaging studies. The choice of an optical probe in the present study was IRDye800 because it has emission and excitation properties that mimic indocyanine green, is nontoxic, has consistent protein labeling, and has superior fluorescence characteristics compared to Cy 5.5 for use in image-guided surgery. 14, 15 Panitumumab was chosen as the targeting molecule because of its potential clinical translation; it is fully humanized (unlike cetuximab), FDA approved for use in humans, and targets an epitope expressed on a wide variety of cancer types including the majority of head and neck cancers. 16 Other investigators have used recombinant human EGFR ligands; however, these proteins may have activating properties at the receptor site, potentially promoting the malignant phenotype, whereas panitumumab is a therapeutic antibody. 5 Despite the significant effort to identify the optimal probe, successful imaging may depend as much on the probe choice as the appropriate hardware. A system that can accurately detect subclinical disease, is simple to use, and is readily translated to the operating room is ideal. Current clinical systems designed for the operating room are manufactured specifically to image indocyanine green, which cannot be linked to a tumor antibody. 17 Therefore, we sought to determine if these imaging systems could be used to image fluorescent dyes that can be linked to proteins, such as the IRDye800. To this end, we assessed a combination of macro and microscopic instrumentation that is currently available and can be readily implemented within the clinical setting. Using a fluorescently labeled anti-EGFR targeting probe we assessed the potential of the SPY System (currently available in the operating room) for detecting gross tumor in situ and the potential of an optical imaging scanner (Odyssey) for assessment of frozen and paraffin-embedded histological sections for detecting microscopic tumor ex vivo. In the current study we found the SPY System could detect subclinical or nonpalpable disease measuring less than a millimeter in size, without appreciable false positives. Histological analysis using the Odyssey system consistently identified microscopic islands of tumor within normal tissues. The histological assessment can obviously be done by a trained pathologist; however, collections of only a few cells may be missed or uncertainty may be present particularly when using frozen sections, which are reversed on final pathology in 2-10 % of cases. 18, 19 Optical scanning may provide crucial additional information that can be leveraged to make a more accurate intraoperative decision.
Strong tumor signal (high tumor-to-background ratio) is essential to limit false positives and perform successful image-guided cancer resections. 20 In the present study, we documented that the SPY System could detect in vivo fluorescence at a tumor-to-background ratio that varied between 1.5 and 3.0 depending on the organ being sampled. By comparison, the Pearl Impulse designed to image IRDye800 had a tumor-to-background ratio that was an average of 0.9 higher than the SPY (values varied from 1.8 to 4.0). However, the Pearl is restricted to small animals and therefore does not have the clinical translatability compared to the SPY system. Although there are real-time NIR fluorescence camera systems, notably one by the group of Ntziachristos, these cameras are not currently available in the operating suite and access will be limited by regulatory agencies and manufacturing limitations. 3, 4 The SPY imaging system, on the other hand, is already used in cardiothoracic surgery, plastic surgery, and various gastrointestinal procedures and therefore is currently available for use in most tertiary care operating rooms. Furthermore, the SPY was still found to measure tumor fluorescence that was statistically significantly higher than normal tissue, likely because indocyanine green and IRDye800 have very similar spectral properties. In fact, the SPY detected fluorescence in a section of tissue \1 mm which appeared normal when inspected grossly; on histological analysis, the island of tumor cells responsible for the fluorescence was pinpointed using the Odyssey and turned out to be *200 lm in diameter (Fig. 4b) .
A limitation to our study is the possibility of leaving behind residual cancer cells as a result of the antibody probe not binding to the tumor cells; or perhaps the fluorescent imaging devices were not sensitive enough to detect individual tumor cells. Future studies can avoid this with the use of Alu PCR which distinguishes residual human (cancer) cells from rodent cells with such a high sensitivity and specificity that it is able to detect the equivalent of one human tumor cell in 1 9 10 6 murine cells. 21 In addition, perhaps this technology will be most valuable after previous medical or surgical management where the tissue is fibrotic or contracted and tactile feedback is limited; however, additional studies under these conditions may be necessary to clearly demonstrate this objectively.
In conclusion, these data suggest that a panitumumabIRDye800 may have clinical utility in the detection and real-time surgical removal of head and neck squamous cell carcinoma using existing intraoperative gross and microscopic optical imaging hardware. 
